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Abstract In this paper, an existing mesomechanical
model for cementitious materials is extended to the
domain of diffusion-driven phenomena. The model is
based on the Finite Element Method, and uses zero-
thickness interface elements equipped with a fracture-
based constitutive formulation to represent cracks. The
new developments presented in this paper consist of
the application of the model to the hygro-mechanical
coupled analysis of drying shrinkage in concrete
specimens, explicitly taking into account the influence
of (micro) cracks on the diffusion of moisture. In a first
part of the paper, the model is presented in some detail,
especially the new aspects regarding moisture diffu-
sion including effects of cracks, and H-M coupling.
The model predictions are then quantitatively com-
pared with classical drying shrinkage experiments on
concrete specimens. The consideration of different
assumptions for the relation linking shrinkage strains
and weight losses is discussed in some detail. Finally,
the effect of size and volume fraction of the main
heterogeneities of concrete on the drying process and
drying-induced microcracking is also addressed.
Keywords Drying shrinkage  Mesoscale 
Hygro-mechanical coupled simulation 
Concrete
1 Introduction
Drying shrinkage of concrete has been given a great
deal of attention during the past decades, especially
during the 1970s and 1980s, driven by the necessity
to quantify the long-term deformation and behavior
of nuclear reactor containments [1–6], among other
needs. A large amount of experimental data has been
collected over the years and a number of models have
been developed, although some of the fundamental
underlying physico-chemical mechanisms are still not
totally understood.
Drying shrinkage of concrete is caused by the
moisture drying through the pore system of the
hardened cement paste. It is currently accepted that
moisture migration is driven by a non-linear diffusion
process in which, from the initial uniformly saturated
state, moisture moves towards the concrete surface in
contact with the lower relative humidity environment.
Shrinkage strain is then related to the moisture
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content variation, either in the form of water loss (e.g.
[2, 3]), relative humidity (e.g. [7, 8]), or pore pressure
(e.g. [9]), different at each point of the material.
Deformation compatibility leads in general to cross-
sectional or structural stresses and, in some cases,
cracking. Strains measured at the drying surface
depend not only on the external (and internal)
restraints to deformation, but also (and especially)
on the non-uniform moisture distribution through a
cross-section of a specimen or concrete member.
Traditionally, studies on drying shrinkage of
concrete have been addressed at the macroscopic
level, considering the material as continuous and
homogeneous [3, 5, 9–13]. These studies correspond
to the classical engineering approach to concrete and
have led to remarkable models and results. However,
from a modern perspective of material modeling,
meso-level analysis is emerging as a much more
powerful approach. In fact, concrete is a composite
material formed by a shrinking matrix with inclusions
(aggregates) which in general do not shrink. There-
fore, it seems reasonable to infer that models
explicitly considering the two phases may be con-
ceptually simpler (because each component of the
model may be assigned a simpler and more physical
behavior) and also more general and accurate. On the
other hand, models considering only the overall
properties will have to be more complicated and their
predictions will be more limited. Additional advan-
tages of considering concrete as a two-phase com-
posite may be found for instance in the study of creep
(the matrix experiences visco-elastic deformations
while the aggregates do not), and in general all other
physical or chemical processes in which there is a
well differentiated behavior between aggregates and
cement paste or mortar (such as high temperatures,
sulfate attack, or freeze-thaw cycles). On the negative
side, considering concrete a two-phase composite
increases considerably the computational needs, and
at the moment this limits the study to lab specimens
or small structural members. These limitations are
nevertheless becoming less restrictive with the cur-
rent trend maintained over the years of improvements
in computing power.
These and related considerations have led to some
previous attempts to model the main features of
drying shrinkage of concrete with the help of
mesostructural models [7, 8, 14–16]. Most of that
previous work, however, considers a reduced number
of particles, focuses only on either the moisture
diffusion or the mechanical analysis of shrinkage, or
exhibits some limited representation of the mechan-
ical behavior and cracking.
This leads to a final consideration with regard to
the composite modeling of drying shrinkage, which
concerns the features of the underlying description of
the mechanical behavior, and specifically of cracking.
Although the origin of the shrinkage strains is
moisture migration, the final observed effects that
affect the serviceability of the structure are mechan-
ical, mainly deformation and cracking. Therefore, a
sound mechanical representation is an essential basis
for an overall prediction. This is precisely the main
advantage of the approach presented in this paper,
which is an extension of a well-demonstrated meso-
mechanical model for concrete in both 2D and 3D.
Among other aspects, the model encompasses frac-
ture mechanics-based crack propagation, describes
well the localization process (from multiple distrib-
uted microcracks to single or few macrocracks), and
yields accurate predictions of practically all known
aspects of concrete behavior under mechanical load-
ing, such as uniaxial tension and compression, biaxial
test, Brazilian test, triaxial compression, basic creep,
etc. [17–24]. Extension to diffusion-based and cou-
pled phenomena is based on the interface element for
diffusion process described in [25–27]. Preliminary
results of a fully coupled analysis, explicitly consid-
ering the effect of cracks on moisture diffusion, have
been briefly presented in [28, 29].
It is on this basis that the objective of the present
paper is to evaluate the effect of drying-induced
microcracks and the material heterogeneities on the
overall response of concrete specimens in terms of
strains, weight losses, moisture distribution and crack
patterns. To this end, a mesostructural representation
with zero-thickness interface elements is adopted,
allowing for explicitly considering the effect of the
aggregates and cracks on the overall behavior of the
material. Also a quantitative comparison with exis-
tent drying shrinkage experiments is pursued.
After this introduction, the paper is structured as
follows: in Sect. 2 the meso-mechanical model for
concrete is presented, describing the generation of
meso-geometries, and the mechanical constitutive
laws for the interface elements and the matrix.
Section 3 describes in some detail the moisture
diffusion model through cracked concrete and the
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coupling strategy. Next, in Sect. 4 the main results
obtained with the model are presented: the effect of
coupling on the drying process is studied, and
simulations of drying shrinkage experiments [3] and
of the effect of aggregates on the drying-induced
microcracking [30] are included. Finally, the paper is
closed with some concluding remarks on the results
presented and perspectives for future work on the
subject.
2 Meso-mechanical model for concrete
2.1 Geometry and mesh generation of concrete
specimens at the meso-level
The type of meso-level geometry and FE mesh used
in this study is represented in Fig. 1, in which an
array of polygonal particles representing the largest
aggregates (Fig. 1b), are immersed in a matrix
representing the mortar plus the smaller aggregates
(Fig. 1a). The possibility of cracking is introduced
via zero-thickness interface elements with double
nodes, which are inserted in the mesh from the
beginning of the analysis along all particle–matrix
interfaces and some selected matrix–matrix lines, as
depicted in Fig. 1c and d.
The stochastic procedure used for the generation
of 2D geometries [20, 31] is based on the Delaunay/
Voronoı¨ tessellation theory. The input data for such
representation consist of fundamental parameters
related to the mix design (aggregate size, volume
fraction, and shape), as well as some other parameters
for controlling the randomness of the generation
process. The largest aggregate particles explicitly
represented correspond approximately to one third of
the total aggregate volume for a typical sieve curve of
concrete (with 75% aggregate volume fraction). This
is motivated by the fact that the fracture process and
failure in concrete are generally governed by the
main heterogeneities in the material. The idea comes
back to the work in [32], who determined that
cracking in concrete starts at the aggregate–matrix
interface (usually representing the weakest part of the
material), and that the continuous crack trajectories
propagate through the mortar matrix, serving as a
bridge for the previous family of microcracks.
The FE mesh is generated directly from the meso-
level geometry by systematic subdivision into linear
three-node triangular elements for aggregate and
matrix phases, and linear four-node zero-thickness
interface elements. This procedure has led to satisfac-
tory results in all previous mechanical studies. More-
over, in this case an additional automatic procedure
has been used to refine the meshes with straight lines
parallel to the specimen edges [31]. This is especially
important for moisture diffusion analyses, in order to
enhance the representation of the high gradients near
the surface, and improve the convergence and the
accuracy of the analysis at the beginning of the
diffusion process.
The advantages and drawbacks of this type of
mesostructural representation of concrete as com-
pared to other kind of meso-models for mechanical
and diffusion-driven phenomena in 2D have been
previously discussed elsewhere [18, 20, 21, 31].
Extension to 3D in the case of purely mechanical
loading has also been addressed in [23, 24].
2.2 Constitutive law with aging
for zero-thickness interface elements
The constitutive model for interface elements that
accounts for the aging effect (increase of strength
over time) has its origins in the time-independent
Fig. 1 FE discretization of the 6 9 6 aggregate arrangement.
a Matrix, b aggregates, c interface elements inserted, and
d detail of insertion of an interface element in the continuum
mesh
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formulation proposed in the early nineties [33], and
later modified and improved in [17, 18, 22, 34, 35]. A
more detailed description of the constitutive law with
aging can be found in [31, 36]. In the following, the
fundamentals of the model are summarized.
The model is formulated in terms of the normal
and tangential stress components in the mid-plane of
the joint element r ¼ rN ; rT½ t and the corresponding
relative displacements u ¼ uN ; uT½ t (t = transposed).
The formulation borrows the mathematical structure
from the theory of elasto-plasticity, and introduces
nonlinear Fracture Mechanics concepts in order to
define the softening behavior due to the work
dissipated in the fracture process (denoted as Wcr).
It also incorporates time as a variable to simulate the
aging effect. The elastic stiffness matrix is diagonal
with constant KN and KT values, which can be
regarded as penalty coefficients necessary to calcu-
late the interface stresses (interface elements in the
elastic regime, before cracking, should not add any
elastic compliance). This means that their values
should be as high as possible (the upper bound is set
as a compromise between the added compliance and
the numerical instabilities found for very high
values).
The fracture surface (or yield surface) F = 0 is
defined by a hyperbola of three parameters in stress
traction space (tensile strength v, apparent cohesion c
and asymptotic friction angle tan /), shown in Fig. 2
(curve ‘‘0’’) and given by:
F ¼ r2T  c  rN  tan /ð Þ2þ c  v  tan /ð Þ2¼ 0 ð1Þ
In order to control the fracture surface evolution,
the model introduces two additional parameters: the
fracture energy in mode I, GIF (pure tension), and a
second fracture energy in mode IIa, denoted as GIIaF ;
defined by a shear state under high compression, so
that dilatancy is prevented.
Once the fracture process has started, the failure
surface contracts due to the decrease of the main
parameters (degenerating in the limiting case into a
pair of straight lines representing pure friction),
according to some evolution laws based on the work
dissipated in the fracture process. Total exhaustion of
tensile strength (v = 0) is reached for Wcr ¼ GIF
(curve ‘‘2’’ in Fig. 2), and residual friction (c = 0 and
tan / = tan /r) is attained for Wcr ¼ GIIaF (curve ‘‘3’’
in Fig. 2). A non-associated plastic potential Q is
adopted (i.e. Q = F) in order to progressively
eliminate dilatancy for high levels of compression
(dilatancy vanishes progressively for rN ? rdil).
Dilatancy is also decreased during the fracture
process, so that it vanishes for Wcr ¼ GIIaF :
The aging effect is considered in the model through
the evolution of the main parameters of the fracture
surface (v, c) with time, as well as the fracture energies
GIF and G
IIa
F (the latter assumed to be proportional to
GIF). To this end, a phenomenological approach is
followed by introducing a monotonic increasing
function of the exponential asymptotic type:
f tð Þ ¼ A  f t0ð Þ  1  exp k  t=t0ð Þpð Þ½ ; with
A ¼ 1
1  exp kð Þ ð2Þ
In the previous equation, t is the age of the
material and t0 the age at which the mechanical
properties are referred to (usually considered as
28 days), and f(t) and f(t0) are the values of the
parameter considered at times t and t0, respectively.
Two shape parameters are introduced: p defines the
s-shape of the curve (see Fig. 3a), and k gives the
relation between the asymptotic value of a parameter
and its value at time t0 (as shown in Fig. 3b). As a
result, the initial fracture surface given at a certain
age will expand in time (from curve ‘‘0’’ to curve ‘‘1’’
in Fig. 2). It should be emphasized that in this first
softening at 28 days
hardening at t>28 days
fracture surface
at 28 days
c0(t)
χ0(t)
φ0φr φ0
c0(t0)
χ0(t0)
σN
σT
0
1
2
3
Fig. 2 Cracking surface considering the aging effect: evolu-
tion with time and degradation due to energy spent in fracture
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version of the model, the aging effect is decoupled
from the moisture diffusion analysis, which is in fact
a simplification of the real behavior (it is well-known
that appropriate moisture conditions have to be
present for aging to occur).
The time-independent version of the model con-
sidered the work dissipated in the fracture process as
the single internal variable (n) governing the soften-
ing behavior (dn = dWcr). In the present case, in
which GIF evolves with time, the internal variable is
more conveniently defined (incrementally) as
dn ¼ dW
cr
GIF tð Þ
ð3Þ
The increment of the work dissipated is calculated
as the increment of plastic work, from which the
frictional work is subtracted in compression.
The consideration of the aging parameters causes
the model to exhibit two counteracting effects: on one
side the contraction of the fracture surface is deter-
mined by the energy spent in the fracture process,
leading to softening of the surface; on the other hand,
the evolution of the main parameters in time (aging)
results in an expansion of the fracture surface. This
leads to a much richer behavior of the joint element,
since the updated fracture surface will depend on the
resulting combination of the loading state and the
time interval considered (always assuming quasi-
static loading conditions).
The numerical implementation is based on an
implicit backward Euler integration scheme with a
consistent tangent matrix operator, as described in [35].
As an example of the model response at the
constitutive level, a shear test at constant compres-
sion is presented that illustrates the main features of
the model in relation to the combined effect of the
degradation during the fracture process and the
increase in strength as a function of time.
The test consists of two steps, and calculations are
repeated under different assumptions. In the first step, a
constant compression stress (-1 MPa) is applied at the
age of 28 or 280 days. The second loading step consists
of a gradually increasing shear relative displacement
while keeping the compression level constant. Results
are shown in Fig. 4 in terms of shear stresses versus
shear relative displacements (corresponding fracture
surfaces at different states, identified with numbers 1–
5, are also included in Fig. 4). An increase of the peak
stress when loading at 280 days instead of 28 days can
be observed, after which a softening branch is present,
showing a residual shear stress corresponding to a pure
frictional effect in both cases.
Based on the same loading history, a second set of
simulations is calculated as follows: the first load step
(compression) is always applied at 28 days, as well as
the initial part of the second step (shear displace-
ment). However, at some point in the softening
branch, the shear displacement is frozen until the
material reaches the age of 280 days, moment at
which, the loading process is resumed until reaching
residual state. Figure 4 shows that during this interval
of time an increase in strength is produced by the
aging of parameters v0(t) and c0(t) (e.g. between
points 4 and 5 in Fig. 4), until a second peak value is
reached. In every case, this value is lower than the
value corresponding to the softening branch of the
instantaneous curve at 280 days (for the same relative
displacement), this difference being larger for
increasing shear relative displacements. This effect
is due to the damage-type nature of the internal
variable of the model (Eq. 3), which depends on the
work dissipated in the fracture process and on the
effect of k
0
0.2
0.4
0.6
0.8
1
1.2
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time(days)
f
k=1
k=0.8
k=0.5
effect of p
0
0.2
0.4
0.6
0.8
1
1.2
1 10 100 1000 10000
time(days)
f
p=0.5
p=0.7
p=0.9
(b)(a)Fig. 3 Evolution of the
parameters (relative to the
asymptotic value of f):
a effect of parameter p on
the s-shape of the curve and
b effect of parameter k on
the value of f at time t0
(equal to 28 days, and
marked with a dashed line)
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updated state of the fracture energy parameter
involved (which is in turn a function of time).
2.3 Aging viscoelastic model
for the matrix-phase
Considering the visco-elastic deformations (creep,
relaxation) of concrete may be important because it
may cause a non-negligible change of stresses with
time and therefore of the resulting cracking. As a first
approach in this study this has been done by
introducing aging visco-elasticity in the continuum
elements representing the matrix phase, while aggre-
gates are assumed to remain linear elastic and time-
independent. The implemented rheological model
consists of an aging Maxwell-chain, which is equiv-
alent to a Dirichlet series expansion of the relaxation
function R(t,t0), dual to the usual creep compliance
function J(t,t0), where t0 represents the age at loading.
The implementation is based on previous work by
Bazant and coworkers [37, 38], in which the param-
eters of the Maxwell-chain are calculated by least-
squares fit of the chain’s response to the prediction of
a given creep function.
An special difficulty in this case is that, because
the matrix exhibits a time-dependent mechanism
while the aggregates do not, the parameters of the
Maxwell-chain for the matrix have to be obtained
through an inverse identification process, that is, their
values have to be set in a trial and error fashion in
order to produce the overall viscoelastic behavior of
the composite (including viscoelastic matrix and
elastic aggregates) which corresponds to the concrete
[19]. In the present work, the adjustment of the
parameters for the matrix phase is made so as to fit
the creep compliance function J(t,t0) given in the
Spain concrete design code [39].
3 Numerical model for drying shrinkage
of the matrix-phase
In order to extend the applicability of the meso-
mechanical model described in the previous section
for the case of hygro-mechanical (H-M) coupled
problems, such as drying shrinkage in concrete, it is
necessary to establish the connection between the
purely mechanical analysis and the diffusion-driven
drying process. On one hand, the moisture loss due to
drying induces a volumetric shrinkage which, if
restrained, generates a self-equilibrated state of
stresses within a specimen or member cross-section.
On the other hand, an acceleration of the drying
process is expected, at least in theory, in the case of
micro/macro cracking. This last consideration is
usually neglected in most of the models proposed in
the literature. This is mainly due to the complexity of
a correct numerical implementation and the difficul-
ties encountered for validating a theoretical model
(scarcity of experimental data and a lack of a
standardized procedure for determining moisture
transfer through a crack). In this section, the adopted
moisture diffusion model through (cracked) concrete
is described in detail.
3.1 Moisture diffusion through the uncracked
porous media
Since the early work of Bazant and Najjar [10], it is
generally accepted that, at least as a first approxima-
tion, moisture movement in concrete follows a
non-linear diffusion-type equation which may be
advantageously written in terms of the relative
humidity at the point (hereafter denoted as H, varying
between 0 and 1). More recently, several authors
have proposed to analyze drying of porous solids
0 0.2 0.4 0.6
uT [mm]
0
2
4
6
8
σ
T 
[M
Pa
] 1
5
2
4
3
σN
σT
4
1
2
3
5
Instantaneous 28 days
Instantaneous 280 days
Fig. 4 Constitutive behavior for the case of a shear test under
constant compression with different loading histories, as a
function of shear stresses and relative displacements
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with a multiphase approach, in which the material is
considered as a multiphase continuum composed of a
solid skeleton and a connected porous space partially
saturated by liquid water and an ideal mixture of
water vapor and dry air [40–42]. It has been shown
that by introducing certain assumptions, namely that
the gas pressure remains constant and equal to the
atmospheric pressure, the simpler formulation in
terms of one single driving force can be retrieved
[9, 43, 44]. The validity of this hypothesis has been
discussed in detail elsewhere [9]. It was concluded
that in concrete this assumption may slightly over-
estimate the water loss, although it still yields a good
approximation. In this paper, the simplified represen-
tation in terms of relative humidity has been
followed, which may be written as
dwe
dt
¼ dwe
dH
 dH
dt
¼ div Jtotð Þ ð4Þ
Jtot ¼ Deff Hð Þgrad Hð Þ ð5Þ
or, by combining the two previous equations, to
C Hð Þ  dH
dt
¼ div Deff Hð Þgrad Hð Þ½  ð6Þ
where we (g/cm
3) is the evaporable water content, Jtot
(g/(cm2/s)) is the total moisture flux, C(H) is the
capacity matrix (g/cm3), calculated as the derivative of
the desorption isotherm (with respect to H), the latter
relating evaporable water losses and relative humidity.
Deff (cm
2/s) is the effective diffusion coefficient, which
strongly depends on H itself. In this paper, following a
previous study within the research group [45], this
dependency has been represented as
Deff Hð Þ ¼ D0 þ D1  D0ð Þf b; Hð Þ ð7Þ
in which, D0 and D1 are constants determining the
value of the coefficient at zero relative humidity and
at fully saturated condition, respectively, and the
dependence on H is introduced by the hyperbolic
function given by
f b; Hð Þ ¼ exp bð Þ  H
1 þ exp bð Þ  1ð Þ  H ð8Þ
with b representing a shape factor. The dependence
of the model diffusivity on H is shown in Fig. 5a
for different values of the shape factor. A value of
3.8 was shown to fit experimental data on mortar
samples [45].
To complete the formulation, the boundary condi-
tions must be specified. The different options are
typically (a) to fix the value of the variable on a
exposed surface (Dirichlet-type, representing perfect
moisture transfer), (b) to impose the flux normal to a
surface (Neumann-type, for sealed surfaces with no
normal flux), or (c) by defining a convective bound-
ary condition, to account for an imperfect moisture
transfer between the environment and the concrete
surface, i.e.:
að Þ H ¼ Henv tð Þ; bð Þ oHon ¼ f tð Þ; cð Þ grad Hð Þ
¼ j H  Henvð Þ ð9Þ
In the previous equations, t is the time, Henv the
environmental relative humidity, n the normal vector
to the exposed surface, f(t) is an arbitrary function
of time (is set to zero for insulating conditions) and
j the surface emissivity (note that as j ? ?,
H ( Henv). The surface emissivity depends on air
velocity, material porosity, surface roughness, etc.,
and should be experimentally determined [12, 43].
D
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Fig. 5 a Relation between the diffusion coefficient and H for
different shape factors, as proposed in [45]. b Normalized
desorption isotherm according to the model proposed in [46]
and corresponding normalized moisture capacity (derivative of
the curve with respect to H) for the following parameters:
w0/c = 0.5; a = 0.8; c = 0.473; f1 = 5; f2 = 7
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In any case, the influence of this parameter is rather
subtle (see e.g. [13]) and it is also usual practice to
consider the perfect moisture transfer condition, as in
Eq. 9a [2]. From a numerical point of view, the use of a
finite value for the surface emissivity (a typical value of
5 mm/day is usually adopted) has some advantages, as
it reduces the sharp humidity gradient at the beginning
of drying, thus obtaining a faster convergence and a
reduction of oscillations in the solution [13].
3.2 Moisture diffusion through the cracks
Cracks may affect diffusivity since they represent
potential preferential channels for moisture escape
out of the material. In the case that the mechanical
analysis determines the formation and/or propagation
of a crack, the diffusion process will in turn be
affected. To analyze this problem, the same FE mesh
is used for both the diffusion and the mechanical
calculations, thus simplifying the coupled H-M
analysis, which is achieved by the use of a staggered
strategy (see Sect. 3.5). This has required the
formulation and implementation of interface ele-
ments with double nodes also for the diffusion
analysis [25–27]. Such elements incorporate longitu-
dinal (KL (cm
2/s)) as well as transversal (KT (cm
2/s))
diffusivities. In the absence of specific information,
the transversal diffusivity is given a very high value,
representing the case of no jump in relative humidity
across the crack. For the longitudinal diffusion two
situations are distinguished: before cracking, KL takes
a zero value (alternatively a fixed value Kmin may be
set, with which the higher porosity of the aggregate–
mortar interface could be simulated), and after the
crack has opened an expression similar to Eq. 7 is
used, in which the diffusivity for saturated flow K1 is
in this case given by the so-called ‘‘cubic law’’ and
K0 is set as a small fraction of K1:
KL H; uð Þ ¼ K0 uð Þ þ K1 uð Þ  K0 uð Þ½ f bK ; Hð Þ ð10Þ
K1 uð Þ ¼ g  u3 ð11Þ
K0 uð Þ ¼ Kmin þ aK1 uð Þ ð12Þ
In Eqs. 10–12, u (cm) is the crack opening (or
crack width), g (1/(cm/s)) is a parameter of the model
relating the crack width with the diffusivity, to be
determined, a and bK are two model parameters and f
is the function given by Eq. 8 (with b replaced by
bK). It should be noted that the real crack opening has
been used in the simulations instead of the hydraulic
crack width (accounting for roughness of the crack
walls), together with a high value of the parameter g
(ensuring a fast diffusion through the cracks). This
situation leads to the worst case scenario, in which
the contribution of cracks to the overall drying state is
maximized. The reason for adopting these hypotheses
is to determine whether or not the effect of cracks
in the diffusion process may be neglected in the
simulations.
3.3 Desorption isotherm model
An important aspect for the modeling of the drying
process is the so-called desorption isotherm, relat-
ing H to the evaporable water content in the pores we
(g/cm3), the latter needed for calculating the overall
specimen weight loss and for predicting the ‘‘shrink-
age at a point’’ (see Sect. 3.4). If the formulation
accounting for a nonlinear moisture capacity matrix
is adopted, the desorption isotherm will have an
effect on the H field and will enter the nonlinear
problem. Otherwise, the local weight losses may be
calculated as a post-process, after computing the H
field. In this study, the desorption isotherm proposed
in [46] has been adopted for this purpose. In that
work, the desorption isotherms were constructed as
the sum of a gel and a capillary isotherms, supported
by the fact that the physically bound water (to
differentiate it from the chemically bound water)
exists in the gel pores and in the capillary pores [46].
This relation is written in Eqs. 13 and 14 and is
shown in Fig. 5b for typical values of the model
parameters.
we Hð Þ=c ¼ a1  1  ea3H
 þ a2  ea3H  1
  ð13Þ
a1 ¼ 0:15  ahydr
1  ea3 ; a2 ¼
w0=c  0:33  ahydr
ea3  1 ;
a3 ¼  w0=cð Þ  f1 þ f2 ð14Þ
In the above expressions, c is the cement content
(g/cm3), a1, a2 and a3 are functions of the degree of
hydration (ahydr) and the initial water-to-cement ratio
(w0/c), and f1 and f2 represent two shape factors.
A sensitivity study of the different parameters on the
overall weight losses can be found elsewhere [45].
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The moisture capacity matrix C(H) is calculated as the
derivative of the desorption isotherm (Fig. 5b), yielding
dwe
dH
Hð Þ ¼ c  a1  a3  ea3H þ a2  a3  ea3H
  ð15Þ
It should be mentioned that recent studies have
indicated that the aggregate content do not have any
effect on the resulting desorption isotherms shape
[47], thus allowing to employ desorption isotherms
determined on concretes or cement paste for the
behavior of the matrix in a meso-scale simulation
(assuming the aggregates as impervious).
3.4 Shrinkage strains due to drying
The difficulties encountered for experimentally deter-
mining the shrinkage coefficient ashr, relating volumetric
strains to relative humidity variations (or weight losses) at
a local level, have traditionally lead most researchers to
assume a constant value of this coefficient,
eshr ¼ ashr  Dwe; or eshr ¼ a0shr  DH ð16Þ
However, a linear relationship between weight
losses and strains may sometimes yield only rough
approximations. In order to overcome this problem,
Alvaredo [48] estimated different shrinkage coeffi-
cients at various H levels by inverse analysis, and van
Zijl [13] proposed to treat the shrinkage coefficient as
a linear or hyperbolic function of H. In the present
work, shrinkage at the point has been assumed to be
related linearly to the local water loss per unit volume
in the first set of simulations [28]. Further calibration
of model parameters with experimental results has
put in evidence the advantages of considering a
nonlinear relation between strains and weight losses
in the simulations, as will be shown in Sect. 4.2. The
dependency adopted in this paper is based on the
work of van Zijl [13]. The difference is that a relation
between strain and weight losses, instead of the H
variation, has been preferred here, which may lead to
different shrinkage strains, as the relation between H
and weight losses is generally non-linear. The local
volumetric strains can then be integrated as follows
Z
_eshrdt ¼
Z
ashr weð Þ _wedt þ cst ð17Þ
in which the shrinkage coefficient, for the cases of
constant value, and linear or quadratic dependency on
the weight loss, is respectively expressed as
að Þ ashr weð Þ ¼ e
1
shr
wenve  w0e
;
bð Þ ashr weð Þ ¼ 2e
1
shr
wenve
 2 w0e
 2 we;
cð Þ ashr weð Þ ¼ 3e
1
shr
wenve
 3 w0e
 3 w
2
e
ð18Þ
In Eq. 18, e1shr represents the final volumetric
shrinkage strain corresponding to the environmental
H considered (Henv), wenve and w
0
e are the moisture
contents corresponding to Henv and the initial internal
H, respectively (calculated from the desorption
isotherm), and we represents the average moisture
content within the considered time interval. These
expressions have been derived by forcing the same
(fixed) final drying-induced shrinkage value for all
cases. In this way, only the velocity at which drying
occurs (drying rate) is modified when considering
different relations between shrinkage coefficient and
weight loss (at a constitutive level), as shown in
Fig. 6a. It can be observed that considering a
nonlinear relationship accelerates the drying-induced
shrinkage strains, and that the final deformation,
corresponding to that reached at equilibrium at H =
0%, is the same in the three cases. If the weight loss
variable in the horizontal axis is replaced with H (with
the desorption isotherm), an additional nonlinearity is
induced by the shape of the isotherms. The results of
the model when drying takes place from saturation to
a zero value of H, have been qualitatively compared
with experimental results in thin slices of different
concretes [49], as shown in Fig. 6b. Experiments were
performed in 3 mm thick concrete discs (OPC =
ordinary Portland concrete; HPC = high performance
concrete) with a diameter of 90 mm, which are
suitable for comparing with the behavior of the matrix
(representing mortar plus smaller aggregates) in the
present mesoscale model. Although the H gradients
are minimized with the use of very thin slices, it
should be noted that even for 3 mm thick specimens
the skin microcracking is not completely prevented
[50]. Thus, these experiments do not exactly represent
the unrestrained shrinkage condition, although they
yield a good approximation. The comparison suggests
that the case of a constant shrinkage coefficient may
be more suited for HPC, whereas OPC behavior is
better captured with a quadratic shrinkage coefficient
(Fig. 6b).
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3.5 Coupling strategy: a staggered approach
In the proposed model, the hygro-mechanical cou-
pling is achieved through a staggered approach, as
shown schematically in Fig. 7. One code (DRAC-
FLOW) performs the nonlinear moisture diffusion
analysis, and the results in terms of volumetric strains
at the local level serve as input to the second code
(DRAC), solving the mechanical problem. The
updated displacement field (nodal variables) obtained
in the latter, from which new crack openings are
derived, will in turn alter the diffusion analysis. Thus,
this loop must be successively repeated within each
time step until a certain tolerance is satisfied (in terms
of water losses), before passing to the next time
interval. This approach exhibits some advantages
over the fully coupled one. From a practical point of
view, it is possible to use existing standalone codes,
which are powerful tools for tackling each problem
separately, and it also makes it possible to separate
the time scales for each problem (in case the time
scale for the diffusion problem is very different from
that required for the mechanical simulation).
Regarding time integration, the strategies employed
are as follows: the mechanical analysis is time-
dependent because of the aging visco-elasticity of the
matrix as already described in Sect. 2.3. The model is
implemented using the ‘‘exponential algorithm’’ pro-
posed by Bazant [51], which is based on the analyt-
ical solution of the chain equations under piecewise
linear strain increments, and is unconditionally stable
regardless of time step size. Regarding the diffusion
model, the time differentiation follows a standard finite
difference scheme with an a coefficient (in the range
0–1) defining the time interval point at which the
equation is discretized (a = 1 = backward Euler
scheme, has been used in the simulations). For the
calculations performed, time step has been accommo-
dated to the needs of the diffusion calculation, and
mechanical analysis has been subdivided in the same
way, each time step corresponding also to one incre-
ment of the loop for the coupled scheme. Time step size
for the diffusion model is fixed manually, with small
values at the beginning of drying (from 0.1 to 1 day)
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Fig. 6 a Comparison of different shrinkage strains versus
weight loss relations at a local level: constant, linear and
quadratic shrinkage coefficients (drying to H = 0%). b Relation
between shrinkage strains and H obtained with the desorption
isotherms for the same cases (a value of 0.01 (cm3/g) is
assumed for the constant shrinkage coefficient): comparison
with experimental results on concrete slices (3 mm thick), for
ordinary Portland concrete (OPC) and high performance
concrete (HPC) [49]
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Fig. 7 Schematic representation of the coupled hygro-mech-
anical (H-M) scheme through a staggered approach
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and then gradually increasing magnitude (to around
100 days) at the end of the drying process, when values
change very little. Specific values were fixed after trial
and error with smaller increments and verification that
the results remained practically unchanged.
4 Results of the numerical simulations
4.1 Influence of coupling on drying shrinkage
at the meso-level
In order to evaluate the coupled behavior of the
model, a series of simulations has been performed
over the same mesostructural FE mesh represented in
Fig. 8, consisting of a 14 9 14 cm2 concrete speci-
men with a 6 9 6 aggregates arrangement (volume
fraction is 28%). As initial condition, H = 1 through-
out the domain is assumed. At t0 = 28 days, H = 0.5
is imposed as boundary condition on the left and right
faces, while no moisture flow is allowed through the
top and bottom faces. The specimen is assumed to be
simply supported, so that deformation can freely
develop. The parameters for the diffusion model
through the matrix have been adopted from previous
work [45], fitted to experimental results in
OPC mortar specimens. Reasonable values have
been considered for the mechanical parameters, so
as to represent a conventional strength concrete
(compressive strength of *40 MPa). Aging visco-
elasticity and aging interface elements have been
considered for the matrix behavior, while aggregates
behave linear elastically and remain saturated
throughout the simulation (diffusivity of natural
aggregates is generally negligible as compared to
the matrix one). Calculations have been repeated for
uncoupled and coupled situations, in order to assess
the effect of coupling.
The results at three different drying states are
presented for the uncoupled and coupled cases in
Figs. 8 and 9. Results in terms of H distribution
(Fig. 8) show that the effect of coupling consists of a
slightly higher degree of drying (quantified by lower
H at the interior of the sample). The evolution in time
of the total weight losses of the two cases shown in
Fig. 9, confirms that the coupled analysis yields a
higher degree of drying (higher weight losses),
although it is not very pronounced in the present
case (the largest difference between the coupled and
uncoupled analyses is below 10%).
The results of the mechanical response are shown in
Fig. 10. A sequence of the evolution in time of the
energy spent in fracture processes for the coupled case
with aging viscoelasticity is depicted. Initially, cracks
perpendicular to the two drying surfaces develop
(loaded cracks appear in red). As the drying front
Fig. 8 Distribution of
relative humidity for a
14 9 14 cm2 concrete
specimen at 20, 2,000 and
10,000 days of drying
(t - t0): a uncoupled and
b coupled cases
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penetrates the specimen, surface cracks unload (arrested
cracks in blue). At an advanced state of drying,
microcracks are also observed in the interior of the
sample, on the aggregate–matrix interfaces but most
importantly radiating from the aggregates. This is due
to the restraining effect caused by embedded inclusions
in a shrinking matrix (stiffness of the aggregates is
around three times larger than the matrix one). These
results qualitatively agree with recent experimental
observations [30], and have motivated a deeper study
on the effect of aggregates on the drying-induced
microcracking, which will be presented in Sect. 4.3.
In order to evaluate the effect of considering an
aging viscoelastic behavior of the matrix phase, an
additional simulation has been performed with linear
elasticity in the matrix. The mechanical properties
correspond to a 28 days old concrete, and non-aging
behavior (for the same age) is assumed for the
interface elements. In Fig. 11 the deformed meshes of
both coupled cases at 2,000 days of drying are
compared. It can be immediately observed that
cracking is much more pronounced in the linear
elastic matrix case, which can be explained by two
reasons: first, due to the absence of the aging-related
increase of strength. Since shrinkage strains develop
with time, the highest stresses values will appear at a
late stage, and will lead to more cracking if the
strength remains constant than if it is increased over
time. Second, the absence of visco-elasticity in the
matrix will also lead to higher cracking. This is
because the well-known effect of visco-elastic stress
relaxation in the matrix (shrinkage strains developing
in time are partially compensated by viscoelastic
deformations of opposite sign due to the subsequent
stresses) is not present if the matrix is simply elastic,
i.e. the stress which is generated is higher, and so is
the resulting cracking.
4.2 Simulation of the experiments by Granger [3]
This section presents the main results of the analysis
of drying shrinkage experiments on cylindrical spec-
imens of different concretes [3, 11]. All specimens
were subjected to H = 50% (±5%), allowing a radial
drying (top and bottom faces were sealed). A normal
strength concrete has been chosen for the simulations.
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Fig. 9 Comparison of the evolution in time of the total weight
losses (g/cm) for the uncoupled (squares) and coupled (circles)
cases
Fig. 10 Fracture energy
dissipated in the interface
elements for 20, 200, 2,000
and 10,000 days (from left
to right), for the coupled
simulation with aging
viscoelasticity for the
matrix, and aging interface
elements
Fig. 11 Deformed meshes at 2,000 days of drying (scale
factor of 150): coupled cases with a viscoelastic matrix with
aging (and aging interface elements) and b linear elastic matrix
with non-aging joint elements (the blue box represents the
dimensions of the undeformed mesh) (Color figure online)
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Details of the test and material properties are
summarized in Table 1. This experiments are partic-
ularly relevant due to the fact that the overall relation
between longitudinal strains and total weight losses
was measured, which is a basic feature in order to
evaluate a coupled hygro-mechanical model. This
relation allows us to link the mechanical behavior
(via the longitudinal strains) with the drying process
(via weight losses), representing a ‘measure’ of the
coupled behavior. Most of the experimental cam-
paigns found in the literature focus their attention on
only one of these aspects. Unfortunately, H profiles
have not been measured, which would have been
optimal in order to obtain a more robust fit. In spite of
that, these experiments still remain one of the most
complete experimental campaigns concerning drying
shrinkage in concrete.
The main difficulty for the analysis is the cylindri-
cal shape of the specimens, which is a disadvantage
for the present 2D mesostructural model, since an
axisymmetric analysis is not suitable for this kind of
representation (the aggregates would represent bodies
of revolution, i.e. rigid ‘donuts’ within a more flexible
matrix). Nonetheless, the lack of similar experimental
results obtained on prismatic specimens has forced the
selection of these experiments. In order to eliminate to
some extent the above mentioned undesired effects, a
‘semi-axisymmetric’ analysis has been performed for
the moisture diffusion simulation (the axis of revolu-
tion is positioned at the center of the mesh, at D/2, D
being the diameter of the cylinder, and the spin is
limited to a p value), coupled with a 2D plane stress
analysis for the mechanical problem, over the same
FE mesh (which is a necessary condition of the
model). In this way, an undesired behavior due to the
‘donut shape’ of the aggregates in the mechanical
simulations is avoided, and the cylindrical shape for
the moisture diffusion problem, which is an essential
feature, is considered in the simulation.
The FE mesh used in the simulations (see Fig. 12)
has the dimensions 16 9 50 cm2 (the height of the
mesh is equal to the strain measurement basis used in
the experiments). The aggregate volume fraction is
26% and the maximum and minimum sizes are 25.9
and 10 mm (corresponding approximately to G
fraction in Table 1), respectively. The shape of the
aggregates is polygonal, inscribed in circumferences
of variable diameter. In order to simulate the central
part of a larger specimen (specimens were 100 cm
long), the end faces are forced to remain planar
throughout the simulation, with free horizontal dis-
placements. Material parameters finally adopted are
summarized in Table 2.
First, the results in terms of weight loss as a
function of time are compared to the experimental
values in Fig. 12, for both coupled and uncoupled
analyses, with the same material parameters (from
Table 2). It can be observed that the effect of
coupling is small and may be neglected in this case,
and that the numerical results agree well with the
experimental ones. However, when the same weight
losses are represented against the longitudinal strains
Table 1 Composition and mechanical properties at 28 days of
the normal strength concrete (Penly concrete), and summary of
test conditions [3]
Penly concrete—concrete mixture details and summary of
experimental setup
Specimens size / 16 cm, 100 cm high
G: 12.5/25 (kg/m3) 682
g: 5/12.5 (kg/m3) 330
s: 0/5 (kg/m3) 702
Filler (kg/m3) 50
Cement (kg/m3) 350
Water (kg/m3) 202
Density (kg/m3) 2,270
E28d (GPa) 36.2
fc28d (MPa) 34.3
ft28d (MPa) 3.4
Humidity; Temp. (C) 50 ± 5%; 20
Measurement basis 50 cm central
Curing period (days) 28
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Fig. 12 Comparison of numerical (coupled and uncoupled
analyses) and experimental results in terms of weight loss
(as % of the specimen’s weight) evolution in time (days).
Mesh used in all the simulations (right)
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(measured in the simulation as the averaged strain of
the left and right faces), as shown in Fig. 13, the
numerical results (coupled and uncoupled cases)
exhibit some departure from the experimental values.
Moreover, the effect of coupling yields smaller
longitudinal strains, as compared to the uncoupled
case, for the same state of drying, although again the
difference remains small. This result is to be
expected, since the coupling effect manifests through
a higher degree of microcracking, thus decreasing
longitudinal shrinkage strains.
Although the skin microcracking effect is well
captured, reflected by small longitudinal strains for
large weight losses at the beginning of drying, two
experimental features seem not well represented by
the simulations: the numerical curve seems to be
shifted horizontally with respect to the experimental
one, and the second curved part of the experimental
curve, in which strains grow more slowly than weight
losses, is not well captured by the model. A deeper
study of the results has led to two main potential
reasons for these differences.
On one side, the consideration of a constant
shrinkage coefficient (see Sect. 3.4) could be the
cause of the lack of a second curved part in the
diagrams. For this reason, simulations have been
repeated considering a linear and a parabolic depen-
dence of the shrinkage coefficient on the weight loss,
otherwise keeping all other material parameters the
same. The value for the shrinkage coefficient has
been adopted such that the final local shrinkage is the
one corresponding to a constant shrinkage coefficient
of 9 9 10-3 (cm3/g) (the case with constant shrink-
age coefficient has been repeated with this new
value). Boundary conditions have been replaced by
convective ones with a film coefficient of 5 mm/day,
so that the nonlinear relation between strains and
weight loss is integrated more accurately. Figure 14
presents the results for the uncoupled cases. A
considerable improvement of the global behavior
can be observed, especially for advanced drying
states (second curved part), which is now satisfacto-
rily captured. However, a small gap still exist
between experimental and simulation results. The
difference is somewhat reduced if the strains are
represented against time instead of water losses, as
shown in Fig. 15.
The second factor that might have an influence on
the results is the elasto-plastic nature of the model
Table 2 Adopted parameters for the diffusion and mechanical
models yielding the best fit to experimental results
Material parameters adopted
Diffusion analysis (matrix)
Initial humidity 100%
D0 (cm
2/day) 5 9 10-5
D1 (cm
2/day) 2 9 10-1
b (–) 3.0
C (g. cem/cm3 mat.) 0.473
ahydration 0.90
w0/c 0.50
f1; f2 5.0; 8.0
ashr 0.01
Diffusion analysis (interface elements)
g (1/(cm/day)) 100.0 9 106
K0/K1 0.01
bk (–) 0.0
Mechanical analysis (continuum)
Ematrix Aging Maxwell chain
Eaggr (MPa) 70,000
mmatrix; maggr 0.2; 0.2
Mechanical analysis (interface elements)
v (MPa) 2.0; 4.0
c (MPa) 7.0; 14.0
tan / 0.6; 0.6
tan /residual 0.2; 0.2
GFI 0.03; 0.06
GFIIa 10.GFI
rdil (MPa) 40
pv, pc, pGF 0.4, 0.5, 0.8
Kv, Kc, KGF 1.0, 1.0, 1.0
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Fig. 13 Comparison of numerical and experimental results in
terms of weight losses (%) and longitudinal strains (mm/m) for
coupled and uncoupled simulations with constant shrinkage
coefficient (of 0.01 (cm3/g))
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used for the interface elements, which implies that the
crack closure effect is not taken into account. Indeed,
relative displacements are irreversible on unloading
with the initial stiffness, which is assigned a very
high value (see Sect. 2.2). This fact may be of
importance, since skin microcracks eventually unload
and are subjected to compression stresses when the
drying front advances towards the interior of the
sample. In the present case, skin microcracks unload
at an age of 7 days of drying, corresponding to a
weight loss of 0.8%. If crack closure were not
prevented, the longitudinal strains would perhaps
increase (crack closure may be regarded as extra
shrinkage strains), and the numerical curve would be
horizontally shifted to the left. Although the intro-
duction of this effect could probably improve the
approximation, further investigation would require a
new constitutive interface model with secant unload-
ing, which is at present the focus of on-going work.
4.3 Effect of the aggregates on drying-induced
microcracking
Recent experimental observations highlighted the
influence of the size and quantity of mono-sized
aggregates in the microcrack-patterns of cementitious
materials subjected to drying [30]. Due to a restrain-
ing effect of the aggregates immersed in a shrinking
matrix, microcracks radiating from the aggregates
and in the aggregate–matrix interface, may develop.
The occurrence and extent of cracking depend on the
size and number of inclusions, the rheological
behavior of the matrix, the aggregate–matrix bond,
and the mismatch between the stiffness of inclusions
and matrix. This is an important aspect for determin-
ing the effect of drying on mechanical properties.
In order to evaluate the ability of the present H-M
mesostructural model to capture the effect of the
aggregate distribution, number and size on the crack
patterns of samples subjected to drying, more than 30
mesostructural meshes of 120 9 40 mm2 has been
generated and numerically tested, in the spirit of
recent experimental tests [30]. Polygonal aggregates
inscribed in circumferences of constant diameter in
each mesh have been adopted (experiments were
performed with mono-sized glass spheres as aggre-
gates, varying the size for different specimens), with
three different volume fractions. Aggregates of 2, 4
and 6 mm in diameter have been used, as in the
experiments, with volume fractions of 20, 30 and
40% (these volume fractions were not exactly the
same as the experimental ones, of 10, 21 and 35%,
because a mesh with 10% volume fraction would not
be completely realistic with the present mesh gener-
ation procedure), yielding a total of nine cases. Four
different meshes have been generated and simulated
for most of these cases in order to assess the effect of
random aggregate distribution (except in the 2 mm
series, with higher computational cost).
The geometry and boundary conditions are shown
in Fig. 16 for the diffusion and mechanical analyses.
Samples are assumed to be initially saturated. At the
age of 28 days H = 0.3 is imposed on the top face of
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Fig. 14 Comparison of numerical and experimental results in
terms of weight losses (%) and longitudinal strains (mm/m):
influence of the shrinkage coefficient (constant, linear and
parabolic functions) on the uncoupled analysis of drying
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Fig. 15 Comparison of numerical and experimental results:
longitudinal strains (mm/m) versus time for the cases of
constant, linear and parabolic functions for the shrinkage
coefficient
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the specimen (as in the experiments), and no
moisture flux is allowed on the remaining ones. All
simulations were coupled. For the mechanical anal-
ysis a simply supported beam situation is considered.
Since no data on the mechanical properties of the
tested specimens was available, it was decided to use
a set of parameters with realistic values for a
conventional concrete (ordinary Portland cement
with w/c of 0.45). Aging viscoelasticity is assumed
for the matrix (and aging interface elements).
Similarly to the experimental campaign, only the
central part of the specimen is used for quantification
of the crack patterns (i.e. an area of 40 9 40 mm2),
so that end effects are eliminated. In order to
compare simulations made with different matrix
volume fractions, and thus different initial moisture
contents, the degree of drying is defined as the
weight loss at time t with respect to the initial water
content (before drying starts) [30]. More details on
the simulations setup and results on different cases
may be found in [31].
In order to quantify the crack patterns and deter-
mine the preferential orientation of microcracks,
rosettes have been generated as a post-process for
all the simulated cases, in the spirit of [30, 52], as
shown e.g. in Fig. 17. Polar diagrams are constructed
by adding up the length of all (opened) crack-
segments of the matrix with the same orientation
(the angular space was divided in six sectors). The
aggregate–matrix cracked interfaces are not consid-
ered in the quantification, similarly to the experimen-
tal results. The rosettes for the 4 and 6 mm aggregates
cases have been computed as the average of four
different meshes with random aggregate distribution
(for same size and volume fraction). Polar diagrams
help us determining the mechanisms acting on drying-
induced microcracking. A homogeneous material will
mostly produce cracks perpendicular to the drying
surface, thus resulting in rosettes with vertically
elongated shapes. On the other hand, when cracking
due to the effect of aggregate restraining is predom-
inant, cracks will randomly radiate from the inclu-
sions, thus producing cracks along all possible
directions. In this case, it is expected that the rosettes
have a rounded shape. The intermediate case, in which
both mechanisms are present, which is generally the
case, will show rosettes with a shape varying between
these two limiting cases [30].
Figure 17 shows the results obtained by Bisschop
and van Mier [30] on the drying shrinkage experi-
ments. The influence of the aggregate volume fraction
at constant aggregate size and of the aggregate size at
constant volume fraction was evaluated for cementi-
tious composites with glass spheres. These two cases
show that an increase in size or volume fraction yields
an increase of the degree of microcracking and of the
aggregate restraining effect. It should be noted that the
trends shown were not as marked as in Fig. 17 for all
the experimental series studied in [30, 53].
4.3.1 Effect of the degree of drying
Figure 18 presents some typical results of the evolu-
tion of drying-induced microcracking, for the cases of
6 mm aggregates with 40% volume fraction, in terms
of the energy spent in fracture processes versus
percentage of weight loss (10 and 30%). It can be
seen that at the beginning of drying microcracks are
mainly produced perpendicular to the drying surface,
thus producing an elongated shape of the polar
diagram. On the other hand, for an advance drying
state of 30%, the crack penetration front is more
pronounced, which is characterized by a more
‘rounded’ polar diagram, with microcracks radiating
from the aggregates. All of the simulations performed
in this work showed the same trend.
4.3.2 Effect of aggregate volume fraction
Figure 19 depicts the microcrack patterns of the
simulations with 4 mm aggregates and three different
volume fractions (20, 30 and 40%). Figure 19a shows
the microcrack patterns at 30% drying, in terms of the
fracture energy spent, for the three cases. It can be
H = 0.3
Fig. 16 Geometry and boundary conditions adopted for the
mechanical and diffusion analyses (2 mm aggregates with 30%
volume fraction)
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observed that the depth of penetration of microcracks
does not increase with increasing volume fraction,
which is in agreement with experimental observations
(Fig. 17). In Fig. 19b, the averaged polar diagrams at
the same drying state for each case are presented
(average of four different geometries for each volume
fraction). It can be clearly seen that an increase in
volume fraction results in much less elongated polar
diagrams (note also the increase of the aspect ratio,
calculated as the relation between horizontal and
vertical axis of the rosettes). This is due to the
aggregate restraining effect, which becomes more
important when increasing the number of inclusions.
For the lowest volume fraction, an elongated diagram
is found, suggesting that aggregate restraining is not
very important in this case. The results are in
qualitative agreement with the experiments in [30]
(Fig. 17).
4.3.3 Effect of aggregate size
The experimental results depicted in Fig. 17 [30]
also showed that, with increasing aggregate size at
constant volume fraction, the rosettes turn out more
round-shaped, and also (and especially) total crack
length measured turns out considerably higher. The
first batch of results obtained with the present model
seemed not to reproduce too clearly these experi-
mental trends. After careful examination, that was
attributed to the need of filtering (i.e. eliminating
from the plotted results) microcracks with crack
openings that are smaller than a certain threshold. In
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Fig. 17 Experimental
results of drying-induced
microcracking in
cementitious composites
with glass spheres (G):
crack-maps of central part
of specimens (superposed
maps of four cross-sections)
and corresponding rosettes.
a Effect of the aggregate
size (2, 4 and 6 mm left to
right) at constant volume
fraction (35%) and 30%
drying and b effect of the
aggregate volume fraction
(10, 21 and 35%, left to
right) at constant size of
4 mm and 10% drying
(results by Bisschop [53],
with permission of the
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fact, in [53] it is suggested that microcracks
with openings smaller than 1 lm are not always
captured by the experimental technique (although
the exact threshold is not clear). Thus, it seems
reasonable to consider a threshold of 0.1 lm (cor-
responding to 0.3% of GF
I with the parameter values
employed).
Results finally obtained by filtering microcracks
with the above criterion as a post-process are shown
in Fig. 20, in terms of crack patterns and polar
diagrams. It can be seen that the trends of absolute
crack lengths, cracks penetration depth and polar
diagrams are in qualitative agreement with the
experiments of [30]. Although the polar diagrams
seem to be very sensitive to the crack filtering with
very small crack widths, the model is capable of
capturing the aggregate size effect on drying-induced
microcracking.
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Fig. 18 Effect of the degree of drying on drying-induced
microcracking for the case of 6 mm aggregates with 40%
volume fraction: crack patterns for 10 and 30% drying (central
40 9 40 mm2 part) and corresponding rosettes (average of
rosettes from four random geometries)
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Fig. 19 Effect of aggregate volume fraction (20, 30 and 40%)
on drying-induced microcracking at 30% drying, for the case
of 4 mm aggregates: a microcrack-maps of mid-specimens
(40 9 40 mm2) and b average (of four different geometries)
rosettes and aspect ratios
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5 Concluding remarks
The applicability of the FE mesomechanical model
previously developed for concrete specimens under
purely mechanical loading has been extended to the
analysis of hygro-mechanical coupled analysis of
drying shrinkage in concrete. A basic underlying
assumption of the meso-level analysis is that the main
aspects of mechanical behavior as well as cracking
and degradation due to diffusion-driven phenomena
may be captured by only representing the largest
aggregate pieces while the rest (smaller aggregates
and sand) are considered to be represented by the
‘‘matrix’’ phase. Cracking is introduced via zero-
thickness interface elements equipped with an elasto-
plastic fracture-based constitutive law, and the
additional moisture diffusion through open cracks is
explicitly accounted for in the simulation. The
present model is able to satisfactorily represent the
essential features of drying shrinkage in concrete,
such as the non-uniform moisture distribution due to
the presence of aggregates and cracks, strains versus
weight loss relation, and crack patterns. Simulations
have shown that the effect of coupling may only
mean a slight increase in the drying state, especially
at the beginning of the drying process, when drying
through surface microcracks (of maximum crack
openings) is most important. This seems to suggest
that in many practical cases uncoupled analyses can
be performed without major loss of consistency of the
results and with a significant reduction of computa-
tional cost.
The importance of considering a viscoelastic
behavior of the matrix has been underlined: a time-
independent behavior leads to a much higher degree
of microcracking due to the fact that stress relaxation
and redistribution are prevented.
The effect of aggregates on the drying-induced
microcracking has been studied and qualitatively
compared with experimental findings in [30, 53]. The
performance of the model in this regard has proven
satisfactory in most cases, showing larger degrees of
internal microcracking for higher drying states, and
increasing aggregate volume fraction and size.
The model parameters have been adjusted to
existing experimental results of concrete specimens
[3, 11], and the resulting numerical predictions have
been found to agree well with experimental
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Fig. 20 Effect of aggregate size (2, 4 and 6 mm aggregates)
for 20% volume fraction, at 30% degree of drying: results
obtained by filtering the crack patterns with a lower bound for
the crack width of 0.1 lm. a Microcrack-maps and b polar
diagrams and aspect ratios for each case
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measurements. In addition, it has been shown that the
consideration of a nonlinear local relationship between
shrinkage strains and weight losses can be more
accurate for simulating drying shrinkage experiments
than the commonly employed linear relationship.
Results have also hinted at the need for introducing a
constitutive law for interface elements that accounts
for the crack closure effect.
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